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The thioredoxin (TRX) system, a major thiol antioxidant system, regulates the reduction of intracel-
lular ROS. Here we show that high glucose (HG) inhibits TRX ROS-scavenging function through p38
mitogen-activated protein kinase (MAPK)-mediated induction of thioredoxin interacting protein
(TXNIP) in mouse mesangial cells (MMCs). Knockdown of TXNIP in MMCs reversed HG-induced
reduction of TRX activity and inhibited HG-induced activation of p38 MAPK and increased synthesis
of TGF-b1 and ﬁbronectin. These data suggest that HG-induced overexpression of TXNIP in MMCs,
which may be via the p38 MAPK pathway.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction binding protein-2, is the endogenous inhibitor of cellular TRX, inac-Diabetic nephropathy (DN), as with other diabetic vascular
complications, appears to be multifactorial in origin, involving a
number of key pathways, including advanced glycation, activation
of intracellular signaling molecules such as protein kinase C (PKC),
and increased generation of reactive oxygen species (ROS) [1].
Hyperglycemia-induced production of ROS plays a crucial role
in the development of DN [2]. In the kidney, a number of pathways
that generate ROS such as glycolysis, speciﬁc defects in the polyol
pathway, uncoupling of nitric oxide synthase, xanthine oxidase,
NAD(P)H oxidase, and advanced glycation have been identiﬁed as
potentially major contributors to the pathogenesis of diabetic kid-
ney disease [3].
Thioredoxin (TRX) system (TRX, TRX reductase, and NADPH) is a
ubiquitous thiol oxidoreductase system that regulates cellular
reduction/oxidation (redox) status [4]. TRX interacting protein
(TXNIP) also known as vitamin D3 up-regulated protein-1 or TRXchemical Societies. Published by E
tein; TRX, Thioredoxin; HG,
iabetic nephropathy; MAPK,
en species
f Pathology, Hebei Medical
ang, Hebei, China. Fax: +86tivating its anti-oxidative function by binding to the redox-active
cysteine residues [5]. Recent studies showed that TXNIP was found
to be up-regulated by high glucose (HG) in mesangial cells, proxi-
mal tubular cells, and vascular smooth muscle cells [6–8]. The
expression of TXNIP mRNAwas increased in kidneys from both dia-
betic rats and patients with DN, and TXNIP mediated the glucose-
induced impairment of TRX activity in cultured kidney cells [9].
Previous studies have demonstrated that p38mitogen-activated
protein kinase (MAPK) signal mediated the HG-induced upregula-
tion of TXNIP expression in vascular smooth muscle cells and endo-
thelial cells [8,10]. However, the role of p38 MAPK in HG-induced
expression of TXNIP in glomerular mesangial cells is unknown. In
the present study, we examined the activation of the TRX system
in glucose-treated mouse mesangial cells (MMCs) and the role of
p38 MAPK pathway. Meanwhile, we also investigated the effects
of knockdown of TXNIPwith small interference RNA onHG-induced
production of ROS and activation of p38 MAPK in MMCs.
2. Materials and methods
2.1. Construction of pBAsi mU6 Neo TXNIP siRNA plasmid
Three TXNIP siRNA plasmids were constructed based on the U6
siRNA expression vector, pBAsi mU6 Neo (Takara, Mie, Japan),lsevier B.V. All rights reserved.
Y. Ren et al. / FEBS Letters 584 (2010) 3480–3485 3481which includes a mouse U6 promoter and an amp-resistance gene.
The following sets of sense and antisense oligonucleotides were
annealed and ligated into the vector: sense oligo 1: 50-GATCCGGTG
TGTGAAGTTACCCGAGTAGTGCTCCTGGTTGCTCGGGTAACTTCACAC
ACCTTTTTTA-30, antisense oligo 1: 50-AGCTTAAAAAAGGTGTGTG
AAGTTACCCGAGCAACCAGGAGCACTACTCGGGTAACTTCACACACC
G-30; sense oligo 2: 50-GATCCGGGTGATGACATCTCCATCCTAGTGC
TCCTGGTTGGGATGGAGATGTCATCACCCTTTTTTA-30, antisense oli-
go 2: 50-AGCTTAAAAAAGGGTGATGACATCTCCATCCCAACC AGGAG-
CACTAGGATGGAGATGTCATCACCCG-30; sense oligo 3: 50-GATCCGA
GTCATCCTTGATCTGCCCTAGTGCTCCTGGTTGGGGCAGATCAAGGAT-
GACTCTTTTTTA-30, antisense oligo 3: 50-AGCTTAAAAAAGAGTCA
TCCTTGATCTGCCCCAACCAGGAGCACTAGGGCAGATCAAGGATGACT
CG-30. To test the efﬁciency of the three pBAsi mU6 Neo TXNIP
siRNA plasmids, MMcs cultured under HG conditions were trans-
fected with the plasmids. Knockdown of gene expression was con-
ﬁrmed by RT-PCR, and TXNIP protein expression was also
evaluated by Western blot. The most effective plasmid (oligo 1)
was used for the study.
2.2. Cell culture and transfection
MMC (ATCC No. CRL-1927) were obtained from American Type
Culture Collection (Manassas, VA). They were cultured in DMEM-
F12 medium (3:1) supplemented with 5% fetal bovine serum,
2 mM L-glutamine, 100 U/ml penicillin, and 100 lg/ml streptomy-
cin in a 95% air, 5% CO2 atmosphere. Stable transfections of MMCs
with pBAsi mU6 Neo TXNIP siRNA plasmid or pBAsi mU6 Neo plas-
mid were performed with Lipofectamine 2000 (Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions.
Subsequently, cells were cultured in selection medium containingC 0       0.5    1      2      24     48 (h)
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Fig. 1. Time course of the effcets of HG on ROS production, activation of p38 MAPK and e
(0–48 h). (A and B) Intracellular ROS was detected by ﬂow cytometry. (C and D) The expre
blot (n = 6). Values are expressed as means ± S.E.M. **P < 0.05, **P < 0.01 vs. control (0 h0.3 mg/ml geneticin for three weeks before single clones were iso-
lated. The clones were further expanded in selection medium con-
taining geneticin (0.3 mg/ml). Scrambled pBAsi mU6 Neo plasmid
was used as control. MMCs were grown to 75–85% conﬂuence,
washed once with serum-free DMEM-F12 medium, and then
growth-arrested in serum-free DMEM-F12 medium in normal glu-
cose (NG, 5.6 mM) for 24 h to synchronize the cell growth. After
this time period, the media were changed to fresh serum-free med-
ia containing NG, HG (30 mM), NG plus mannitol (24.4 mM) as an
osmotic control, HG plus Tempol (100 nM, Sigma, St. Louis, MO) or
HG plus SB203580 (10 uM, Promega, Madison, WI) stimulation at
indicated time points.
2.3. Intracellular ROS detection
The intracellular formation of ROS was detected using the ﬂuo-
rescence probe 5-(and 6) chloromethyl-20,70-dichlorodihydroﬂuo-
rescein diacetate (CM-DCHF-DA, Invitrogen, Carlsbad, CA). After
cultured in 6-well plates under the different experimental condi-
tions for 0–48 h, the cells were washed, trypsinized, suspended
in PBS, loaded with 10 uM DCHF-DA, and incubated at 37 C for
30 min. The measurement of intracellular ROS was performed
using a ﬂow cytometer (BD Immunocytometry Systems, Franklin
Lakes, NJ).
2.4. RT-PCR analysis
Total RNA and then cDNA were prepared from cultured cells
using TRIzol reagent (Invitrogen) and RT-PCR kits (Promega). The
primers used were: TXNIP, forward 50- CAAGCCCTGACTTTACGGAG
-30, reverse 50- ACCATCTCGTTCTCACCTGC -30, giving 374 bp PCRh 2h 1
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3482 Y. Ren et al. / FEBS Letters 584 (2010) 3480–3485product; TGF-b1, forward 50- CTGTCCAAACTAAGGCTCGC -30, reverse
50-AGACAGCCACTCAGGCGTAT -30, giving 432 bp PCR product; 18s
rRNA, forward 50- ACACGGACAGGATTGACAGA -30, reverse 50- GGA
CATCTAAGGGCATCACAG -30, giving 238 bp PCR product. The PCR
products were subjected to 2% agarose gel electrophoresis and ana-
lyzed with a GDS-8000 Bioimaging system (UVP, upland, CA) and
LabWorks 4.5 software (UVP). RNA expression was quantiﬁed by
comparison with internal-control 18s rRNA.
2.5. Western blot analysis
Whole cell extracts (40 lg of protein/lane) was loaded, sepa-
rated by SDS–PAGE, transferred to PVDF membranes (Millipore,
Billerica, MA). The membranes were incubated overnight at 4 C
with rabbit anti-VDUP-1 antibody (Zymed, San Francisco, CA),
p38 MAPK (Cell Signaling Technology, Beverly, MA), phospho-p38
MAPK (Cell Signaling Technology) and b-actin (Santa Cruz, CA)
antibodies. Subsequently, the membranes were incubated with
goat anti-rabbit IgG horseradish peroxidase conjugate, and then
exposed to X-ray ﬁlm using enhanced chemiluminescence system.
The intensity of the bands was measured using LabWorks 4.5.
2.6. TRX activity
TRX activity was measured using the insulin disulﬁde reduction
assay, as described previously [11]. After the cells were cultured in
6-well plates under the different experimental conditions for 48 h,
total cellular protein was extracted with lysis buffer. 40 ul of reac-
tion mixture (200 ul of HEPES buffer, 40 ul of EDTA, 40 ul of
NADPH, and 500 ul of insulin) was added to cellular protein ex-
tracts at 37 C for 15 min after the addition of 10 ul of bovine
TRX reductase (American Diagnostica Inc, Greenwich, CT). The
reaction was then terminated by adding 500 ul of stop mix (6 M
guanidine HCL, 1 mM DTNB in 0.2 M Tris–HCL pH 8.0) and then
absorption at 412 nm was measured.
2.7. Enzyme-linked immunosorbent assay
After the cells were cultured in 6-well plates under the different
experimental conditions for 48 h, the supernatants were collected.
The TGF-b1 or ﬁbronectin protein was quantiﬁed using a commer-
cial Quantikine Enzyme-Linked Immunosorbent Assay (ELISA) kit
for TGF-b1 (R&D Systems, Minneapolis, MN) or competitive sand-
wich ELISA for ﬁbronectin (Chemicon International, Temecula,
CA) according to the manufacturer’s descriptions.
2.8. Statistical analysis
Statistical analysis was performed by one-way ANOVA. The re-
sults were presented as mean ± S.E.M. Statistical signiﬁcance was
deﬁned as P < 0.05.TX
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Fig. 2. Effect of blockage of p38 MAPK on HG-induced expression of TXNIP. MMCs
incubated with normal glucose (5.6 mM, NG), high glucose (30 mM, HG) and
HG + SB 203580 (10 uM, HG + SB) for 2 or 48 h. (A) Expression of TXNIP mRNA was
analysed by RT-PCR (n = 6). (B) The expression level of TXNIP protein was analysed
by Western blot (n = 6). Values are expressed as means ± S.E.M. **P < 0.01 vs. NG,
#P < 0.05 vs. HG.3. Results
3.1. HG induces ROS production, activation of p38 MAPK and
expression of TXNIP
As shown in Fig. 1, MMCs incubated with HG showed a time-
dependent intracellular ROS production, tyrosine phosphorylation
of p38 MAPK and expression of TXNIP. The increased intracellular
ROS production and tyrosine phosphorylation of p38 MAPK level
were detected after 0.5 and 1 h of stimulation with HG seperately,
and remained at high levels until 24–48 h. The TXNIP protein sig-
niﬁcantly increased within 2 h and continued to increase up to
48 h.3.2. Effect of blockage of p38 MAPK pathway on expression of TXNIP
To assess whether p38 MAP kinase signaling pathway affected
HG-induced TXNIP expression, we treated MMCs with a speciﬁc
p38 MAPK inhibitor SB203580. MMCs preincubated with
SB203580 (10 lM) for 0.5 h and then incubated with HG in the
presence of SB203580 for 2 and 48 h. Exposure of MMCs to HG
for 2 or 48 h signiﬁcantly increased the expression of TXNIP mRNA
and protein, whereas the HG-induced overexpression of TXNIP was
signiﬁcantly inhibited by SB203580 (Fig. 2A and B). Mannitol had
no effect on TXNIP expression (data not shown).
3.3. Blockage of p38 MAPK pathway prevents HG-induced ROS
production
MMCs incubated with HG for 48 h had increased intracellular
ROS levels, as compared with NG group (Fig. 3A and B). We then
determined whether p38 MAPK pathway was involved in HG-in-
duced increase in ROS level. As shown in Fig. 3A and B, HG-induced
increase of intracellular ROS could be reduced by SB203580. We
next observed the effect of SB203580 on TRX activity under HG
conditions. After 48 h of exposure to HG, the biologic activity of
Y. Ren et al. / FEBS Letters 584 (2010) 3480–3485 3483TRX was signiﬁcantly reduced; whereas SB203580 could reverse
the reduction of TRX biologic activity (Fig. 3C). Taken together,
these data suggest that HG can induce ROS production and reduce
TRX activity by upregulating TXNIP, probably through p38 MAPK
pathway.GHGN
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Fig. 3. Effects of blockage of p38 MAPK on HG-induced ROS production and TRX activity.
HG + SB 203580 (10 uM, HG + SB) for 48 h. (A and B) Intracellular ROS was detected by ﬂo
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3484 Y. Ren et al. / FEBS Letters 584 (2010) 3480–3485and activity of TRX after HG stimulation. The expression of TXNIP
protein was efﬁciently inhibited by transfection with TXNIP siRNA
plasmid, and treatment of the mesangial cells with the antioxidant,
tempol, also effectively prevented the increase in TXNIP during
exposure to HG for 48 h (Fig. 4A). The HG-induced suppression of
TRX activity and increased intracellular ROS levels were inhibited
by transfection of TXNIP siRNA plasmid or tempol treatment
(Fig. 4B–D).
3.5. TXNIP silencing inhibits HG-induced activation of p38 MAPK
To investigate the modulation of p38 MAPK signal pathway by
TXNIP under HG condition, MMCs were transfected with pBAsi
mU6 Neo TXNIP siRNA plasmid or control vector. Compared with
those of the NG groups, the phosphorylation level of p38 MAPK sig-
niﬁcantly increased in HG group; whereas transfection with TXNIP
siRNA plasmid or treatment with tempol signiﬁcantly suppressed
HG-induced p38 MAPK phosphorylation (Fig. 5).
3.6. TXNIP silencing inhibits HG-induced the synthesis of TGF-b1 and
ﬁbronectin
TGF-b1 and ﬁbronectin levels in the culture medium were mea-
sured with ELISA. A signiﬁcant increase in TGF-b1 and ﬁbronectin
protein was seen after MMCs were cultured under HG condition
at 48 h, whereas the HG-induced overexpression of TGF-b1 and
ﬁbronectin in culture mediumwas signiﬁcantly inhibited by TXNIP
siRNA plasmid transfection or tempol treatment (Fig. 6A and B).
Meanwhile, MMCs in HG group showed a signiﬁcant higher mRNA
level of TGF-b1 than those in NG group (P < 0.01); whereas trans-
fection of TXNIP siRNA plasmid or tempol treatment signiﬁcantly
decreased the HG-induced overexpression of TGF-b1 mRNA in
the MMCs (Fig. 6C).
4. Discussion
The results of these experiments demonstrate that p38 MAPK
signal pathway mediated HG-induced TXNIP expression and sub-
sequently regulating TRX activity, which was partially responsible
for production of intracellular ROS in cultured MMCs, and, mean-
while, knockdown of TXNIP prevented HG-induced p38 MAPK acti-
vation and increased synthesis of TGF-b1 and ﬁbronectin.
Oxidative stress is viewed as playing a critical role in the path-
ogenesis of diabetic kidney disease [3]. Oxidative stress occursp-p38 MAPK
p38 MAPK
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Fig. 5. Effect of TXNIP interference on HG-induced activation of p38 MAPK.
Expression of p38 MAPK and phospho-p38 MAPK was analysed by Western blot
(n = 6). NG: 5.6 mM D-glucose; HG: 30 mM D-glucose; HG + V: HG + pBAsi mU6 Neo
plasmid vector; HG + T: HG + tempol (100 nM); HG + siRNA: HG + pBAsi mU6 Neo
TXNIP siRNA plasmid. Values are expressed as means ± S.E.M. **P < 0.01 vs. NG,
#P < 0.05 vs. HG + vector.when production of oxidants or ROS exceeds local antioxidant
capacity. TRX is an important antioxidant system and TRX–TXNIP
interaction is critical in redox regulation [5]. More recently, studies
suggest that overexpression of TXNIP was major contributor to
hyperglycemia-induced oxidative stress in kidney cells [9]. In this
article, we showed that HG increased expression of TXNIP and
ROS production, while inhibited TRX activity in MMCs. In this18s rRNA 238 bp
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ﬁbronectin production in MMCs. TGF-b1(A) and ﬁbronectin (B) levels in the culture
medium were evaluated by ELISA (n = 6). (C) The expression of TGF-b1 mRNA was
analyzed by RT-PCR analysis (n = 6). NG: 5.6 mM D-glucose; M: NG + 24.4 mM
mannitol; HG: 30 mM D-glucose; HG + V: HG + pBAsi mU6 Neo plasmid vector;
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(100 nM). Values are expressed as means ± S.E.M. **P < 0.01 vs. NG, #P < 0.05 vs.
HG + vector.
Y. Ren et al. / FEBS Letters 584 (2010) 3480–3485 3485study, we also found that HG-induced ROS production and reduc-
tion of TRX activity were reversed by transfection with TXNIP siR-
NA plasmid. These results suggest that upregulation of TXNIP and
subsequent reduction of TRX activity may contribute to the in-
creases in ROS levels in glucose-treated MMCs.
p38MAP kinases, a member of family of serine/threonine ki-
nases, is an important stress signaling molecule and is involved in
the regulation of many cellular functions. Previous studies demon-
strated that p38MAPK signalingmay contribute to DN [12–14]. This
pathway is related to renal cell apoptosis, productionof the cytokine
TGF-b, as well as the ﬁbronectin [14,15]. Li et al. [10] showed that
blockage of p38 MAPK signaling abrogated HG-induced TXNIP
expression and ROS production, and reversed reduction of TRX
activity in endothelial cells. Inhibition of the p38 MAPK activity by
SB203580 inhibited TXNIP mRNA expression and ROS production,
and elevated TRX activity in breast cell line under HG conditions
[16]. In this study, we show that HG-induced increase of intracellu-
lar ROS, p38 MAPK phosphorylation and expression of TXNIP in a
time-dependent manner. Blockage of p38 MAPK pathway by
SB203580 could reduce HG-induced TXNIP expression. Meanwhile,
SB203580 also abrogated the HG-induced reduction of TRX activity
in MMCs. These results suggest that p38 MAPK signaling was in-
volved in production of ROS by upregulating expression of TXNIP
in diabetic conditions. Previous studies suggest ROS-dependent
activation of p38 MAPK in mesangial cells cultured under HG and
in diabetic kidney [17,18]. In present study, we also found that
transfection with TXNIP siRNA plasmid or treatment with the anti-
oxidant, tempol, signiﬁcantly suppressedHG-induced production of
ROS and activation of p38 MAPK. Taken together, our evidence sug-
gests that p38 MAPK pathway is activated by ROS to damage anti-
oxidative system and then further increases intracellular ROS level
in MMCs under HG conditions by TXNIP-TRX system.
The key factors in the evolution of the glomerlosclerosis and
tubulointerstitial ﬁbrosis that characterize diabetic kidney disease
are TGF-b and extracellular matrix (ECM) protein ﬁbronectin as re-
ported in many in vitro and in vivo studies [19,20]. The observa-
tions that H2O2 upregulates the expression of mRNA and proteins
of TGF-b1, and ﬁbronectin in mesangial cells and that antioxidants
effectively inhibit TGF-b1 and ﬁbronectin upregulation in mesan-
gial cells cultured under HG and in diabetic kidneys suggest that
ROS mediate ECM accumulation in diabetic glomeruli [21,22]. In
this study, we showed that TXNIP siRNA plasmid transfection or
antioxidant tempol signiﬁcantly decreased HG-induced TGF-b1
and ﬁbronectin expression in the MMCs. Taken together, it seems
that TXNIP were associated with not only the activation of p38
MAPK but also the increased ROS, TGF-b1 and ﬁbronectin in MMCs.
In summary, our data demonstrate that HG signiﬁcantly in-
creased intracellular ROS, which is likely caused by increased
TXNIP through activation of p38MAPK, and knockdown of TXNIP
could prevent HG-induced increase of ROS, TGF-b1 and ﬁbronectin
in MMCs. So, we can speculate that speciﬁc inhibition of p38 MAPK
or TXNIP may be a potential therapeutic strategy for DN.
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